Virus-induced membrane structures support the assembly and function of positive-strand RNA virus replication complexes. The replicase proteins of arteriviruses are associated with double-membrane vesicles (DMVs), which were previously proposed to derive from the endoplasmic reticulum (ER). Using electron tomography, we performed an in-depth ultrastructural analysis of cells infected with the prototypic arterivirus equine arteritis virus (EAV). We established that the outer membranes of EAVinduced DMVs are interconnected with each other and with the ER, thus forming a reticulovesicular network (RVN) resembling that previously described for the distantly related severe acute respiratory syndrome (SARS) coronavirus. Despite significant morphological differences, a striking parallel between the two virus groups, and possibly all members of the order Nidovirales, is the accumulation in the DMV interior of double-stranded RNA, the presumed intermediate of viral RNA synthesis. In our electron tomograms, connections between the DMV interior and cytosol could not be unambiguously identified, suggesting that the double-stranded RNA is compartmentalized by the DMV membranes. As a novel approach to visualize and quantify the RNA content of viral replication structures, we explored electron spectroscopic imaging of DMVs, which revealed the presence of phosphorus in amounts equaling on average a few dozen copies of the EAV RNA genome. Finally, our electron tomograms revealed a network of nucleocapsid protein-containing protein tubules that appears to be intertwined with the RVN. This potential intermediate in nucleocapsid formation, which was not observed in coronavirus-infected cells, suggests that arterivirus RNA synthesis and assembly are coordinated in intracellular space.
L
ipid membranes define the boundaries of all important cellular organelles, like mitochondria, the endoplasmic reticulum (ER), and the Golgi complex. They are also indispensable for the biochemical functions performed by these highly specialized microcompartments, which require both structural support and physical separation from the cytosol. Along the same lines, all positive-strand RNA (ϩRNA) viruses characterized to date induce the formation of dedicated membrane structures to support the cytoplasmic replication of their RNA genomes (9, 30, 35, 44) . Apparently, the formation of these membranous compartments offers important functional and/or strategic benefits for the viral RNA-synthesizing machinery.
For a number of ϩRNA viruses, the continuous improvement of cryofixation methods and the advent of electron tomography (ET) have made important contributions to the visualization of their replication structures by offering better preservation (38, 46, 49, 52) , higher resolution imaging, and the possibility of threedimensional (3-D) ultrastructural analysis (18, 23, 25, 29, 65) . Furthermore, immuno-electron microscopy (IEM) has been used to investigate the presence of viral replicase subunits, host cell markers, and viral RNA products in ϩRNA virus replication structures. The combination of these technical approaches established that the specific association of replicase proteins and newly synthesized viral RNA with these membrane compartments is a common feature of all ϩRNA virus models studied to date.
Recent ET-based studies provided valuable information about the 3-D ultrastructure of the replication structures formed by, e.g., the nodavirus Flock House virus (FHV) (25) , severe acute respiratory syndrome coronavirus (SARS-CoV) (23) , dengue and West Nile flaviviruses (18, 65) , and rubella virus (15) . Flock House virus generates small spherular invaginations of the mitochondrial outer membrane (25, 34) similar to those induced by alphaviruses in endosomal and lysosomal membranes (16) . Electron tomography of flavivirus-infected cells demonstrated similar invaginations, but in this case, ER membranes serve as platforms for the biogenesis of the replication structures (18, 65) . Moreover, flaviviruses induce a more extensive network of membrane structures that has been implicated in organizing the different stages of the replicative cycle in space and time (18, 21, 30, 36, 58, 65) . The accumulation of different membrane structures, whose respective functional importance remains to be investigated, was also documented for picornaviruses (5, 6, 29, 38, 46, 57) and coronaviruses (7, 19, 22, 23, 54, 59) . Members of the latter family induce typical double-membrane vesicles (DMVs) and also convoluted membranes (CM), which ET revealed to be part of a reticulovesicular network (RVN) of modified ER that is continuous with its membrane donor (23, 59) .
Arteriviruses are only distantly related to coronaviruses. In spite of important differences in terms of genome size, virion structure, and various other biological features (20) , the two families have been united in the order Nidovirales based on striking similarities in genome organization and expression and the conservation of important replicase domains. The latter include similar membrane-spanning nonstructural proteins (nsps) that are thought to induce the formation of membrane structures with which viral RNA synthesis is associated. Also arterivirus-infected cells are characterized by the accumulation of double-membrane sheets and DMVs (41, 60) , but the average diameter of the latter is about three times smaller than those induced by coronaviruses (100 versus 300 nm), and CM have not been observed. The biochemistry and molecular biology of the replication machinery of the arterivirus prototype equine arteritis virus (EAV) have been studied extensively in our laboratory (14, 50) . The 5=-terminal open reading frames (ORFs) 1a and 1b in the 12.7-kb EAV genome encode the replicase polyproteins pp1a (1,727 amino acids [aa] ) and pp1ab (3,175 aa) , with the latter being a C-terminally extended version of the former that is derived from a ribosomal frameshifting mechanism. Three ORF1a-encoded protease domains mediate cleavage of the replicase polyproteins into at least 13 individual nonstructural proteins, which mostly accumulate in the perinuclear region of the infected cell. The key enzymes of the arterivirus replication and transcription complex (RTC), and also the most conserved replicase functions among nidoviruses, are encoded in ORF1b and include an RNA-dependent RNA polymerase (RdRp) (nsp9) and helicase (HEL) (nsp10). The ORF1a-encoded nsp2, nsp3, and nsp5 contain transmembrane regions that are believed to anchor the RTC to intracellular membranes and to transform them into DMVs (51) . Expression of nsp2 and nsp3 induces the formation of very similar membrane structures, and these proteins were therefore proposed to direct membrane pairing and vesicle formation (42, 51) . As in the case of mouse hepatitis virus (MHV) (22) , de novo-made EAV RNA was found both associated with DMVs and in the surrounding cytosol (41) .
In our quest to understand the structure and function of nidovirus RTCs and their supportive membrane structures, we have now extended our ultrastructural analysis to EAV-infected cells. A major advantage is that these samples can be processed for cryofixation (CF) without the need for a chemical prefixation, a biosafety prerequisite when working with SARS-CoV-infected cells. From a general point of view, cryoimmobilization is faster and has been shown to provide better morphology and improved membrane contrast in a large variety of specimens (39) . Using direct CF and a combination of advanced microscopy techniques, we have performed an in-depth characterization of EAV-infected cells and established some striking parallels between arteriviruses and coronaviruses. For example, ET revealed that the EAV-induced DMVs are also interconnected and integrated into an RVN of modified ER. Again, colocalization of replicase products and doublestranded RNA (dsRNA) was limited, with the latter being present predominantly in the electron-dense cores of DMVs and the former mainly localizing to RVN membranes. Finally, we explored electron spectroscopic imaging (ESI) to visualize and quantitate the RNA content of individual replication vesicles, and we show that this technique may constitute a novel tool to study ϩRNA virus replication structures.
MATERIALS AND METHODS
Virus, cells, and antisera. A cell-culture-adapted derivative of the EAV Bucyrus isolate (11) was used to infect monolayers of Vero E6 cells grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum. A multiplicity of infection of 10 and an incubation temperature of 39.5°C were used in all EAV infection experiments, and infection rates were routinely confirmed in immunofluorescence (IF) assays. Rabbit antisera recognizing the EAV replicase subunits nsp3 (41) and nsp9 (61) were described previously. Monoclonal antibodies (MAbs) against the EAV N protein (31) and dsRNA (MAb J2 [47, 64] ) were also documented previously.
Immunofluorescence microscopy. Infected cells grown on glass coverslips were fixed with 3% paraformaldehyde in phosphate-buffered saline (PBS) at various time points after infection and were processed for IF microscopy essentially as described previously (60) . Following permeabilization, single-or dual-labeling IF assays were carried out with rabbit antisera and/or mouse monoclonal antibodies, which were detected using appropriate indocarbocyanine (Cy3)-conjugated donkey anti-rabbit immunoglobulin (Ig) and Alexa Fluor 488 (Al488)-conjugated goat antimouse Ig secondary antibodies, respectively (Molecular Probes). To allow dual-labeling experiments with the nsp3 serum and a second rabbit antiserum recognizing a different nsp, an IgG fraction was isolated from the anti-nsp3 antiserum for direct coupling to Alexa Fluor 488, as described previously (49) . Specimens were examined with a Zeiss Axioskop 2 fluorescence microscope (equipped with the appropriate filter sets, a digital Axiocam HRc camera, and Zeiss Axiovision 4.2 software [Carl Zeis and Microimaging]) or with a Leica SP5 confocal laser scanning microscope, using a pinhole size of 1 airy unit. Images were optimized and analyzed for colocalization with the WCIF version of ImageJ (http://www.uhnresearch .ca/facilities/wcif/imagej/). The Manders overlap coefficients were calculated as described by Li and coworkers (28) .
Electron microscopy (EM). For ultrastructural morphological investigations, EAV-infected Vero E6 cells were fixed at various time points after infection. The procedures that were used for either chemical fixation or CF by plunge freezing have been described previously (23, 49) . When high-pressure freezing (HPF) was applied, cell monolayers adhered to sapphire discs (Leica) were frozen using a Leica EM PACT2 high-pressure freezer. Freeze substitution (FS) was carried out in an automated FS system (Leica) using a medium consisting of 2% osmium tetroxide, 1% glutaraldehyde, and 10% H 2 O in acetone. Samples were kept at Ϫ90°C for 9 h, after which the temperature was raised by 23.33°C/h to Ϫ20°C, at which temperature samples were kept for 1 h. Subsequently, the temperature was raised by 20°C/h to 0°C, and samples were kept at this temperature for 1 h. After washing with pure acetone at 0°C and room temperature, the samples were embedded in epoxy LX-112 resin. Thin sections were contrasted with uranyl acetate and lead citrate and subsequently viewed at 80 kV with a Tecnai 12 BioTwin transmission electron microscope (FEI Company).
For IEM, infected cell monolayers were cryofixed by HPF as described above, but FS was performed in anhydrous acetone containing 0.25% glutaraldehyde and 0.1% uranyl acetate for nsp and N protein labeling and 0.2% uranyl acetate and 1% methanol for dsRNA labeling. For the dsRNA labeling, prefixation with 3% paraformaldehyde in 0.1 M PHEM buffer [60 mM piperazide-1,4-bis (2-ethanesulfonic acid), 25 mM HEPES, 2 mM MgCl 2 , 10 mM EGTA] was used, as it was found to improve labeling efficiency. During the FS step, samples were kept at Ϫ90°C for 72 h, after which the temperature was raised by 23.33°C/h to Ϫ20°C. After keeping the samples for 1 h at this temperature, the temperature was lowered by 20°C/h to Ϫ50°C. After washing with ethanol, samples were infiltrated with Lowicryl HM20 (Electron Microscopy Sciences) and polymerized under UV light at Ϫ50°C. Thin sections were labeled with the different primary antisera, which were detected with 10-nm protein A-gold particles. A bridging rabbit anti-mouse IgG antibody (DakoCytomation) was used when the primary antibody was a mouse monoclonal antibody. Grids were contrasted with uranyl acetate and lead citrate and subsequently viewed in a Tecnai 12 BioTwin transmission electron microscope at 80 kV. The specificity of immunolabeling was verified by comparing the amount of gold beads in the RVN/DMV-containing perinuclear area with those in equivalent areas of the nucleus, cytosol, extracellular space, and mitochondrion-containing regions. For each labeling, using a Tecnai 12 BioTwin electron microscope running at 120 kV, overlapping highmagnification images containing at least three whole cells were acquired and merged into a single mosaic image by using homemade MatLab scripts (F. G. A. Faas, C. M. Avramut, A. J. Koster, and R. B. G. Ravelli, unpublished data). At low magnification (see Fig. 4E ), specific areas of the cells in the mosaic images were selected and marked with a circle with a 10-m 2 surface area. Subsequently, at a magnification at which the gold beads became visible, 15 such circles were used to quantify the amount of immunogold labeling in the extracellular space, nucleus, cytosol, mitochondrioncontaining areas, and RVN-containing areas.
Electron tomography. Freeze-substituted infected cell samples, processed for morphological investigation by HPF as described above, were used to cut 200-nm-thick sections. Serial sections were placed side by side on Formvar/carbon-coated grids containing only 8 parallel bars, thus allowing analysis of the same cell in successive sections. To facilitate the image alignment required for tomogram production, a suspension of 10-nm gold particles was layered on top of the sections as fiducial markers. Dual-axis tomography was performed as described previously (23) . To facilitate DMV quantification and size measurements in the tomograms, the central position of each DMV was marked in 3-D in the slice in which it had its largest diameter. By combining IMOD (see below) and Linux scripts, subvolumes of 250 by 250 by 10 pixels containing 10 sections around the DMV equator were extracted and binned 10 times in the z direction to obtain a 12-nm-thick slice. To calculate average sizes for DMVs and cores, the diameters in both the x and y directions were measured and averaged using ImageJ software.
Electron spectroscopic imaging. EAV-infected cells were highpressure frozen at 8 h postinfection (p.i.) and freeze-substituted in 1% glutaraldehyde in acetone. Thin sections (60 nm) were cut and inspected in a Tecnai 12 BioTwin electron microscope to identify cytoplasmic areas that contained DMVs. Images at different magnifications were acquired at 80 kV, with the aim of retrieving the same area after transferring the specimen to a Tecnai 12 BioTwin electron microscope running at 200 kV, which was equipped with a postcolumn electron image filter (Gatan). Because of the significant contrast reduction at 200 kV, zero-loss images of the same cytoplasmic areas were recorded to obtain overview images. Next, pre-and post-edge images were acquired at an energy loss of 120 and 157 eV, respectively, with a slit width of 15 eV (27) . To improve the signal-to-noise ratio, we averaged 5 images recorded with an exposure time of 1 min each. Phosphorus maps were calculated based on the ratio between the averaged pre-and postedge images (Digital Micrograph; Gatan). To estimate the P content of individual DMV cores, the averaged P signal of 25 ribosomes was used for calibration. After correction for background intensities, measurements were correlated to 7,128 P atoms in a mammalian ribosome (4). This signal was then compared to the P signal in DMV cores, which was also corrected for background noise. While performing these measurements, only cores surrounded by a clear halo, which were likely to be complete and to reside in the middle of the section, were included.
To facilitate the image alignment required for ESI tomogram production, 10-nm gold particles were layered on top of the 75-nm sections as fiducial markers. For ESI tomography, a pre-edge and a post-edge singleaxis tilt series were recorded with a Tecnai 12 BioTwin transmission electron microscope operating at 200 kV, using EFTEM tomography software (Gatan). A total of 64 images were recorded at 2°increments between tilt angles of Ϫ63°to ϩ63°. For each tilt angle, 5 images were acquired with a cooled slow-scan charge-coupled-device (CCD) camera (2k GIF; Gatan) in 2-by-2 binned mode and averaged to obtain a better signal-to-noise ratio. The electron microscope magnification was ϫ19,000, corresponding to a pixel size of 2.7 nm at the specimen level. For ESI tomogram computation, the pre-edge tilt series was aligned using the fiducial markers and the IMOD software package (26) . These alignments were then transferred to jump ratio tilt series, where the gold markers are not visible, and a reconstruction was computed using 25 iterations of the simultaneous iterative reconstruction technique (SIRT) algorithm implemented in IMOD (17) . The 3-D surfacerendered reconstructions of virus-induced structures and adjacent cellular features were processed by surface rendering and thresholding using the AMIRA Visualization Package (TSG Europe).
RESULTS
Time course analysis reveals minimal colocalization between the EAV replicase and accumulating dsRNA. To investigate the accumulation of viral replicase and dsRNA and to establish the most relevant time points for ultrastructural studies, we first studied EAV-infected Vero E6 cells using confocal immunofluorescence microscopy. In particular, we included an anti-dsRNA monoclonal antibody, an antiserum recognizing the nsp3 transmembrane protein, and a new rabbit antiserum recognizing the EAV RdRp nsp9 (61), a core subunit of the viral RTC. Cells were fixed at various time points after infection and immunolabeled ( Fig. 1 ) to establish the time point at which the first signal appeared, its subcellular distribution, and the extent of colocalization of the different arterivirus markers used. Mock-infected control cells were used to confirm the high specificity of each of the three antibodies ( Fig. 1A to C, left).
The first labeling of foci for nsp3, nsp9, or dsRNA could be detected in the perinuclear areas of infected cells by 3 h p.i. (data not shown), and by 4 h p.i., most cells were positive ( Fig. 1A to C). Using cells fixed every hour from 0 to 15 h p.i., we measured labeling intensities and calculated averages per time point (Fig.  1D ). The 4-h p.i. time point was found to mark the start of a rapid increase in the amounts of both dsRNA and EAV replicase (Fig.  1D ). Both signals reached a plateau around 9 h p.i. and then slowly declined during the final phase of infection (maximum titers of viral progeny were reached by 15 h p.i. [data not shown]). Replicase subunits nsp3 and nsp9 accumulated in a dense perinuclear ring, whereas dsRNA labeling remained restricted to the same distinct foci observed at 4 h p.i. Compared to the latter time point, the number of dsRNA-positive foci had increased by 7 and 10 h p.i., although the labeling intensities of the individual foci were quite comparable ( Fig. 1A and B, insets). The most striking observation was the fact that the colocalization of viral RdRp and dsRNA was very limited (Fig. 1B) , even during the early phase of infection, a finding resembling the previously observed separation between the bulk of viral replicase and dsRNA in SARS-CoVinfected cells (23) . The colocalization of nsps and dsRNA was quantified at three different time points by calculating the Manders overlap coefficient (Fig. 1E) (28, 33) for each double labeling. By definition, its value ranges from 0 (full separation) to 1 (complete colocalization), and values above 0.5 are generally taken to signify a meaningful level of colocalization. Whereas overlap measurements for dsRNA and replicase, in particular nsp9, exceeded this threshold by 4 h p.i., values at later time points were around or even below 0.5. On the other hand, from the earliest moment of detection on, the labeling patterns for nsp3 and nsp9 approached complete colocalization (Fig. 1E) .
Our analysis established that in terms of viral replicase and dsRNA accumulation, and therefore likely also for the formation of viral replication structures, the most relevant window for a detailed analysis is from 4 to 10 h p.i. Moreover, our data suggested an intriguing separation of the sites at which EAV replicase and dsRNA accumulate. This is obvious late in infection, following abundant nsp synthesis from the rapidly accumulating genomic RNA, but essentially also applies at 4 h p.i. At that time point, both markers localized close to each other, but only a limited number of double-positive foci could be discerned ( Fig. 1A and B) .
High-pressure cryofixation reveals a compact core structure in EAV DMVs. Previous EM studies of chemically fixed EAVinfected cells identified paired membranes and DMVs with a (largely) electron-lucent interior as the most prominent virusinduced membrane structures and the ER as the most likely platform for their generation (41, 51) . During our recent character-
FIG 1
Immunofluorescence analysis of EAV-infected cells. EAV-infected Vero E6 cells were fixed at various time points after infection and processed for IF assays using rabbit antisera recognizing different replicase subunits and a mouse monoclonal antibody specific for dsRNA. Imaging was done using a confocal laser scanning microscope, and quantification of labeling intensity was carried out using wide-field fluorescence microscopy images. Scale bars, 10 m and 2.5 m (insets). (A to C) Time course dual-labeling IF assays for dsRNA/nsp3 (A), dsRNA/nsp9 (B), and nsp3/nsp9 (C). At 4 h p.i., the early signals for dsRNA and both nsps were found in close proximity to each other and partially overlapping. At later time points (shown here at 7 and 10 h p.i.), colocalization of dsRNA and either nsp was much less obvious, whereas the signals of nsp3 and nsp9 were still almost completely colocalized. ization of SARS-CoV-induced replication structures (23, 24, 49) , we experienced the fact that virus-induced replication structures can be extremely fragile and that the optimal preservation of their membranes may be a technical challenge. In the case of SARS-CoV samples, biosafety considerations dictated a paraformaldehydebased prefixation prior to CF and FS. EAV-infected cells could be subjected to CF methods directly (i.e., without prefixation), which is generally believed to minimize fixation artifacts. Therefore, we explored and compared three different fixation techniques to deduce a suitable preservation protocol for EAV replication structures: chemical fixation with glutaraldehyde, CF by plunge freezing, and HPF. As described in Materials and Methods, all samples were stained, dehydrated, and embedded in an epoxy resin, and 100-nm-thick sections were used for EM analysis at 80 kV.
In 7-h p.i. samples, all fixation protocols revealed the presence of typical EAV DMVs ( Fig. 2A to C) , which were not found in mock-infected cells. Although the tightly apposed double membranes could be recognized in each of the three specimens, membrane contrast was clearly superior in cryofixed cells, facilitating the straightforward visualization of both bilayers ( Fig. 2B and C, insets). Chemical fixation suggested that the DMV interior consists of a web of undefined filaments ( Fig. 2A) , whereas DMVs in plunge frozen samples had a more granular interior (Fig. 2B) , similar to what was previously observed for SARS-CoV DMVs (49) . Although plunge freezing is generally considered to be an adequate CF procedure, samples are prone to local freeze damage due to ice crystal formation. High-pressure freezing, i.e., limiting ice crystal expansion by pressurizing samples to ϳ2 ϫ 10 8 Pa prior to freezing, is believed to minimize this problem (45, 55) . When using an HPF protocol, we indeed noticed that the overall ultrastructural preservation of EAV-infected cells was significantly improved compared to plunge frozen samples, resulting in a denser cytoplasm due to the lack of segregation artifacts (compare Fig. 2B and C). In the plunge frozen samples, membrane contrast may be more appealing to the untrained eye, due to the more "empty" appearance of the surrounding intracellular space, but this effect is probably caused by the ice crystal-driven deformation of the cytosol. Interestingly, only in HPF samples was the DMV interior visualized as an electron-dense, roughly spherical mass, which was separated from the inner DMV membrane by an electron-lucent "halo." This compact core structure (diameter, 30 to 100 nm) (Fig. 2C ) was never observed in cells that had been either chemically fixed or plunge frozen ( Fig. 2A and B) .
In summary, the overall morphology of both cellular organelles and EAV replication structures appeared to be improved by the use of CF. Each of the three fixation methods tested could visualize the double membranes of the EAV-induced structures, but the ultrastructural details of the DMV core were different for each technique. We cannot formally exclude the possibility that the striking electron-dense DMV cores revealed upon HPF (Fig. 2C) are an artifact. However, the general consensus that HPF is the most advanced EM preservation technique and our own ultrastructural comparisons (Fig. 2) provided a clear basis for using the HPF protocol as the foundation for our subsequent EM experiments. Still, all of the major findings described below were independently confirmed using plunge frozen samples, and data from this comparison are included to further support some of our key observations regarding membrane connections ( Fig. 3H to K ; see Video S2 in the supplemental material).
EAV replicates in association with a reticulovesicular network of modified endoplasmic reticulum. Previously, in conventional transmission EM studies, the outer membrane of EAV DMVs was occasionally found to be continuous with ER membranes (41, 51) . Because these connections were only rarely observed, this morphology was postulated to represent an intermediate stage of DMV formation, after which outer membrane fission would occur to release a separate vesicular structure that is bound by a double membrane (41) . For coronaviruses, using ET-based 3-D reconstruction, we could recently show that DMV outer membranes are connected with each other and with the ER. Accordingly, coronavirus DMVs were concluded to be integrated into a reticulovesicular network that also includes convoluted membranes (23) . ET was then applied to EAV-infected cells (Fig. 3) to evaluate the presence of a similar network of structures. to assess the most suitable preservation protocol for the EAV-induced membrane structures. The asterisks indicate the interiors of DMVs, and the insets are enlargements of the boxed areas, with white arrows pointing to the two bilayers of the DMVs. Scale bars, 100 nm. (A) Chemical fixation with 1.5% glutaraldehyde and, subsequently, 1% osmium tetroxide in 0.1 M sodium cacodylate buffer. The contrast of DMV membranes is relatively poor, and the double membranes are difficult to discern. The DMV interior shows an undefined appearance. (B) Cryofixation by plunge freezing, followed by FS. The lipid bilayers of DMVs are recognizable, and the DMV interior has a more granular appearance. As a result of ice crystal formation, the cytosol surrounding the DMV cluster contained electron-lucent areas. (C) Cryo-fixation by HPF, followed by FS. Overall, membrane contrast was high, and the cytosol was free of freezing artifacts. The interiors of DMVs prepared by HPF were visualized as electron-dense cores that were surrounded by electron-lucent halos.
EAV-infected Vero E6 cells were high-pressure frozen at 4, 7, and 10 h p.i., and samples were freeze substituted and embedded in an epoxy resin. Serial 200-nm-thick sections were cut to analyze the EAV replication structures in successive sections cut from the same cell. This approach was particularly useful when searching for replication structures in early samples (4 h p.i.), when only small DMV clusters were present (Fig. 3A) . This technique also allowed us to produce tomograms from the same relative position, i.e., the center of the region containing replication compartments, in samples fixed at different time points after infection. At 4 h p.i., clusters of DMVs were distributed throughout the cytoplasm (Fig.  3B, brown) . They were often observed in close proximity to ER cisternae (Fig. 3B, beige) and occasionally near bundles of actin filaments (Fig. 3B, purple) . By 7 h p.i., the number of vesicles per cluster had dramatically increased (Fig. 3A and B) , and the dimensions of the region containing replication compartments extended beyond the volume of our tomograms (2.5 by 2.5 by 0.2 m). Nevertheless, our data offered a unique 3-D view of the central space in which EAV replication structures accumulate. By 7 h p.i., in addition to the developing virus-induced membrane compartments, unusual tubular structures (Fig. 3A and B, green; see Video S1 in the supplemental material) were observed in their immediate vicinity. These tubules were described previously in arterivirus-infected cells (13, 56, 63) and were proposed to be induced by virus infection. Specifically, their formation was found to be linked to the expression of the viral nucleocapsid (N) protein (66) , which rapidly increases from 7 h p.i. on. Since it was previously established that the arterivirus N protein is not required for viral RNA synthesis (37), we discuss these tubules separately below (see Fig. 5 ). By 10 h p.i., the ER of EAV-infected Vero E6 cells had become dilated, which appeared to promote the dispersal of both DMVs and tubules ( Fig. 3A and B) .
A detailed analysis of membrane structures in both HPFderived and plunge frozen samples revealed important differences from, as well as striking similarities to, coronavirus replication structures. For DMVs that were entirely or largely included in the volume of our tomograms, we measured the maximum diameters. Throughout the infection, both the average DMV diameter (92 Ϯ 21, 94 Ϯ 20, and 94 Ϯ 27 nm in HPF samples fixed at 4, 7, and 10 h p.i., respectively) and the DMV size distribution were essentially constant. These average diameters are about 3 times smaller than those of SARS-CoV-induced DMVs (300 nm) (23) , implying that the average volume of EAV DMVs is about 27 times smaller. The average diameter of EAV DMV cores did not differ significantly between the time points analyzed (52 Ϯ 14, 49 Ϯ 14, and 51 Ϯ 18 nm in HPF samples fixed at 4, 7, and 10 h p.i., respectively). The diameters of the DMV core and the entire DMV appeared to be directly correlated (Fig. 3C) , although larger DMVs contained a larger electron-lucent "halo-like" space between the DMV inner membrane and electron-dense core. In all DMVs, at least one side of the core structure touched the inner membrane, although fibrillar structures crossing to the other side of the DMV's inner vesicle were also seen.
The outer membranes of EAV DMVs (n ϭ 500) were found to be continuous with rough ER membranes ( Fig. 3D and H ) (34%), each other ( Fig. 3E and I ) (14%), or paired membrane structures ( Fig. 3F and J ; see Video S1 in the supplemental material) (6%) or were found to have a combination of the above connections (46%). These connections were sometimes hard to visualize in HPF samples, due to the lower membrane contrast, but they were readily observed when ET was applied to plunge frozen EAVinfected Vero E6 cells ( Fig. 3H to K ; see Video S2 in the supplemental material). Typically, these connections consist of tightly apposed membranes, similar to those previously described for coronaviruses (23, 59) . However, the large CM clusters found in coronavirus-infected cells were not observed in the case of EAV infection. The presence of ribosomes on the cytosolic face of EAV DMVs (Fig. 3G and K, arrows) strongly suggested that their outer membranes are indeed derived from the rough ER. Occasionally, both cytosolic surfaces of curved double-membrane sheets (similar to those shown in Fig. 3F ) were found to be decorated with ribosomes (data not shown).
As outlined in the introduction, several ϩRNA virus replication structures have been characterized as spherular membrane invaginations whose interiors are connected to the cytosol. On the other hand, in spite of an extensive ET analysis, such connections could not be identified in the case of the SARS-CoV-induced DMVs (23) . We therefore scrutinized EAV-induced DMVs (n ϭ 888, from five different tomograms of HPF samples representing four different time points after infection) for the presence of membrane discontinuities (diameter Ͼ 4 nm) that might constitute a connection to the cytosol. For at least 91% of these vesicles, both membranes appeared to be fully intact, and only some of the larger vesicles showed membrane discontinuities that could be interpreted as connections to the cytosol (Fig. 3) . Nevertheless, similar openings were also occasionally detected in the membranes of host cell organelles like the ER, suggesting that they are more likely explained by technical issues, such as membrane fragility, freeze damage, and/or staining artifacts. Our results thus suggest that EAV-induced DMVs are closed compartments or at least lack the connections to the cytosol with a diameter on the order of 10 nm that were observed for the replication compartments of various other groups of ϩRNA viruses (25, 65) .
The interiors of EAV DMVs label strongly for doublestranded RNA. Subsequently, IEM was used to confirm the association of the viral replication machinery with the network of EAV-induced double-membrane structures described above. Previously, DMV membranes and the surrounding membrane structures were found to modestly label for nsp2 and nsp3 (41), the two membrane proteins that suffice to induce double-membrane structures (51) . In specimens prepared according to our new FS protocol, DMV membranes again labeled for nsp3, and the membranous structures in their vicinity, most likely part of the RVN, also contained immunogold label (Fig. 4A) . A similar pattern was obtained using an antiserum recognizing the nsp9 RdRp (Fig. 4B ) and the nsp11 endoribonuclease (data not shown), indicating that both membrane-modifying and enzymatic subunits of the EAV replicase are associated with the virus-induced membrane network but are rarely detected in the interior of DMVs.
To also analyze the RNA component of the viral replication process, we next labeled the sections for dsRNA. As in the case of SARS-CoV-infected cells (23) , the dsRNA labeling in EAVinfected cells was almost exclusively associated with the interior of the DMVs (Fig. 4C and D [black arrows] ; see Fig. S1C in the supplemental material). At first glance, some of the label appeared to localize outside DMV cores (Fig. 4C and D, white arrows) , but in these cases, ET analysis of serial sections revealed an association with the contents of "obscured DMVs" that had been cut tangentially and, for the most part, resided in an adjacent section (data not shown).
A quantitative analysis of the immunolabeling data was performed to confirm the specific association of the labeling for dsRNA, as well as nsp3 and nsp9, with the RVN-containing areas of the cell. Using 7-h p.i. samples, overlapping high-magnification images containing at least three whole cells were acquired and merged into a single mosaic image (Fig. 4E) . At low magnification, and therefore unbiased with respect to the immunogold labeling, specific areas of the cells were selected and marked by drawing a circle with a diameter of 3.57 m, thus representing a 10-m 2 surface area, around them (Fig. 4E ). Fifteen such circles were placed in mosaic images of at least three different cells to mark the extracellular space, nucleus, cytosol, mitochondrion-containing areas, and RVN-containing areas. The last were defined as perinuclear areas with high electron density that did not contain mitochondria. Subsequently, the presence of DMVs in these RVNcontaining areas was confirmed at high magnification, and the gold beads inside each area were counted (Fig. 4F ). This analysis confirmed that the labeling for nsp3, nps9, and dsRNA was specifically associated with the RVN/DMV-containing areas and essentially absent from the cytosol, nucleus, extracellular space, and . Some clusters of label seemed to be localized outside DMVs (white arrows); however, electron tomography combined with serial sectioning indicated the presence of obscured DMV "caps" as a result of sectioning. (E) Example of a low-magnification mosaic image of a whole cell (from a section immunolabeled for dsRNA) and the marking of the five different compartments that were used for a quantitative analysis of the immunolabeling. Scale bar, 2.5 m. (F) The specific association with RVN-containing areas in EAV-infected cells (at 7 h p.i.), or lack thereof, was verified for the immunogold-labeling experiments using antibodies recognizing nsp3, nsp9, dsRNA, and N protein (Fig. 5B) . For each labeling, the gold beads inside different cellular compartments (n ϭ 3) (see panel E and main text) were counted, and means and standard deviations are shown. (G) Gallery of close-ups of EAV-induced DMVs highlighting the highly specific association of the labeling for dsRNA with the DMV core structure. mitochondrion-containing regions. The high-magnification images of the RVN-containing areas further confirmed the specific association of the dsRNA labeling with the DMV core structure (Fig. 4G) . Taken together, our analysis clearly established that the cores of EAV-induced DMVs labeled abundantly for dsRNA but were essentially devoid of labeling for different replicase subunits.
EAV-induced cytosolic tubules contain the viral nucleocapsid protein. In our tomograms of EAV-infected cells fixed at 7 h p.i. or later (Fig. 3) , we observed tubular structures in close proximity to DMVs. As discussed above, previous arterivirus studies suggested that these tubules contain the viral N protein. In particular, Wieringa and coworkers described the absence of tubule formation in cells transfected with RNA of an EAV mutant lacking a functional N protein gene (66) . Nonetheless, EAV N protein overexpression, in the absence of infection, did not induce similar tubules, suggesting a requirement for additional infection-related factors.
To further analyze the origin and ultrastructure of these EAVinduced tubules, immunofluorescence microscopy was used to establish that N protein expression and tubule formation indeed coincide. Vero E6 cells fixed at various time points after infection were double labeled for nsp3 and N and analyzed by laser scanning confocal microscopy ( Fig. 5A) . At 4 h p.i., nsp3 signal was visible in most of the infected cells; however, N protein was not yet detectable in any of them (Fig. 5A) . At 7 h p.i., the N protein labeling intensities varied between cells, probably reflecting a certain asynchronicity of infection. As documented previously (37) , in cells still containing little N protein, the signal overlapped with nsp3, a marker for the replication structures (Fig. 5A , close-ups I and II, arrows). Cells in which infection was more advanced (Fig. 5A ) also showed N protein accumulation in the rest of the cytoplasm, where the protein may be present in soluble form or as part of newly assembled virions.
With our IEM protocols, the EAV-induced tubules were clearly visible, and immunogold labeling showed that the tubules contained N protein (Fig. 5B, black arrows) , whereas a small fraction was found in close association with DMV membranes (Fig. 5B,  white arrows) . Quantification of the immunolabeling (Fig. 4E and  F) primarily showed the specific association of the labeling with the RVN-containing regions. Furthermore, as expected, some of the labeling was found in the cytosol.
Next, we analyzed the tubules in 8-h p.i. tomograms and found that they are actually sheets that locally branched into tubules with an average diameter of 42.8 Ϯ 4.6 nm (n ϭ 50) (Fig. 5C and D, arrows; see Video S1 in the supplemental material). Compared to the clearly visible DMV and host cell membranes, the morphology of the tubules was different and always showed a single electrondense layer rather than the well-known bilayer profile of a lipid membrane (Fig. 5E ). This strongly suggested that these structures, which are closely associated with the EAV-induced RVN but lack clear connections ( Fig. 5F ; see Video S1 in the supplemental material), constitute protein sheets rather than membranes.
Visualization and quantification of the RNA content of DMV cores by electron spectroscopic imaging. Few quantitative data are available on the RNA and protein contents of ϩRNA virus replication structures (25, 43, 48, 65) . Using replicon cell lines and a combination of biochemical techniques, Quinkert et al. (43) concluded that hepatitis C virus establishes about 100 replication complexes per cell, requiring (at best) only a few percent of the available nonstructural proteins. For FHV replication structures, Kopek and coworkers (25) quantified the RNA and protein contents biochemically and related these measurements to the number of spherules per cell (estimated to be 20,000 Ϯ 11,000). They derived an overall estimate of the RTC composition, but these biochemical approaches do not allow the analysis of individual replication structures. In a first attempt to address this issue, we applied the EM-based method of electron spectroscopic imaging (ESI) to the EAV-induced DMVs. This EM technique is based on imaging only with inelastically scattered electrons that suffer a specific energy loss as a result of collisions with electrons in the specimen (27) . The magnitude of this energy loss is element specific and can be used to derive a so-called elemental map that reveals the concentration of a given element in the specimen. Recently, ESI has been successfully applied to biological samples, for example, to visualize the distribution of nucleic acids and proteins within the cell's nucleus based on the signals for phosphorus and nitrogen, respectively (1, 2, 12) .
Based on our dsRNA labeling ( Fig. 4C and D) , we expected DMV cores to contain large amounts of RNA and thus phosphorus (P), an element with relatively low abundance in the protein component of ribonucleoprotein complexes (12) . Thus, we explored whether ESI could be used to visualize DMV cores and assess their RNA content on the basis of the P signal by using a 200-kV EM equipped with a postcolumn energy filter. EAVinfected cells were high-pressure frozen at 8 h p.i., freezesubstituted in acetone containing 1% glutaraldehyde, and cut into 60-nm-thick sections. Contrasting agents were omitted to prevent background signal in our elemental maps. As a consequence, the contrast of the sample was very low, but DMVs were easily recognized by their cores, which were clearly visible in images collected in zero-loss mode (with only electrons not encountering any collisions) (Fig. 6A, asterisks) . Next, P maps were acquired by calculating the ratio between the pre-edge (Fig. 6B ) and post-edge (Fig.  6C) images, which reflect the electrons that encountered background scattering and phosphorus-specific scattering, respectively (see Materials and Methods for more details). In these P maps, DMV cores were easily distinguishable ( Fig. 6D and E, asterisks) and were found to indeed contain a large amount of P. Surprisingly, the characteristic N protein-containing tubules also showed up in the P maps ( Fig. 6D and E, arrows) .
Since the average EAV DMV core diameter of about 50 nm was close to the thickness of our sections (60 nm), most cores were not entirely included in our sections and spherical caps of various sizes were missing. Therefore, to estimate the RNA contents of individual DMV cores, we measured the P signals of those cores that contained a clear electron-lucent halo and thus contained most or all of the original core volume (the cores marked with asterisks in Fig. 6D and E) . Ribosomes, which were clearly visible in the cytosol (Fig. 6G, circles) , were used to calibrate the P measurements on the basis of their known RNA contents (2, 12) . After correction for background signal, the P measurements of 11 DMV cores were compared to the averaged P signal measured for 25 ribosomes, each containing 7,128 nucleotides of rRNA (4). Our calculations indicated that these 11 cores contained 0.9 ϫ 10 5 to 3.5 ϫ 10 5 P atoms, with an average of 1.7 ϫ 10 5 , the equivalent of about 13 EAV genomes. In order to visualize the P distribution within the DMV cores, we acquired electron spectroscopic tomograms to derive 3-D P maps ( Fig. 6F to H ; see Video S3 in the supplemental material) (2) . This revealed thread-like structures that did not appear to extend into the cytosol (Fig. 6G and H) . The ESI ET analysis revealed that, compared to DMV cores, the density of the P signal was higher in ribosomes (Fig. 6F) , suggesting that ribosomal RNAs are packed more densely than the RNA within the EAV-induced DMVs. Clearly, a more extensive structural characterization of DMV cores is required, including ESI experiments targeting their protein content, but in any case, the first application of ESI to virus-infected cells established the potential of this novel tool to investigate both the structure and the composition of cytoplasmic viral replication structures.
DISCUSSION
Reshaping the endoplasmic reticulum to accommodate arterivirus RNA synthesis. The in-depth dissection of ultrastructural changes in infected cells is an important starting point for under- standing how ϩRNA viruses use and modify cellular infrastructure to create an environment that is optimally suited to their genome replication and gene expression. Ultrastructural studies can define a spatial and temporal framework to integrate cell biological and biochemical data from infected systems and thus contribute significantly to our overall understanding of the replicative cycle of ϩRNA viruses. The analysis of the biogenesis and function of ϩRNA virus replication structures is critical to assess parallels and differences between virus families and may reveal opportunities to develop novel antiviral strategies.
In the present study, the combination of HPF and ET was used to define the 3-D architecture of an EAV-induced RVN of modified ER, which includes much smaller but again interconnected DMVs with an electron-dense inner core structure ( Fig. 2 and 3) . Some striking parallels were observed with coronavirus replication structures (23, 59) . Despite the ϳ27-fold-smaller volume, on average, of arterivirus-induced DMVs, important parallels included the general DMV morphology, the presence of ribosomes on DMV outer membranes (Fig. 3D to G) , the connectivity of DMV outer membranes with each other and the rough ER ( Fig.  3D and E) , and their immunolabeling properties, in particular, the abundant presence of signal for dsRNA in the interiors of DMVs induced by both virus groups (Fig. 4) . The finding that these structures have neck-like connections with the ER confirms previous observations during conventional EM studies (41) , which were the basis for the hypothesis that these ER-connected DMVs represent an intermediate stage in the formation of fully detached DMVs. However, our present ET data suggest that DMVs are connected with the RVN ( Fig. 3D and H ; see Video S2 in the supplemental material), a conclusion supported in particular by our ET analysis, in which each DMV outer membrane was found to have at least one connection to another RVN membrane structure. Arteriviruses thus appear to belong to the ϩRNA virus groups that induce an elaborate network of modified ER membranes, as was also documented for coronaviruses (23) , flaviviruses (18, 65) , hepatitis C virus (21) , and some picornaviruses (6) . By 10 h p.i., the ER of EAV-infected Vero E6 cells became dilated, as was also documented for the late stages of SARS-CoV infection in the same cell line (23) . The densely concentrated DMV clusters dispersed into smaller clusters that stayed in close proximity to ER membranes and EAV-induced tubules (Fig. 3A and B) . The morphology of individual DMVs at 10 h p.i. seemed indistinguishable from those found at earlier time points. Unlike the late stages of SARSCoV infection, we did not observe the formation of "vesicle packets," dilated outer membrane sacs containing up to a few dozen DMV inner vesicles (23) .
As previously reported for picornaviruses (38, 46) , the use of HPF can dramatically alter the appearance of viral replication structures, like DMVs. In the case of EAV, the use of HPF had a major impact on the appearance of DMVs (Fig. 2) , which were found to contain an electron-dense core that was not observed after conventional chemical fixation or plunge freezing. By IEM, we established that the labeling for dsRNA (Fig. 4C, D , and G) was associated with these cores but that the nsp labeling was predominantly found on the surrounding RVN membranes. Strikingly, CM similar to those previously found to carry large amounts of coronavirus nsps (23, 59) were not observed upon infection with EAV. Clearly, the large evolutionary distance between the two nidovirus subgroups and their respective replicase subunits involved in intracellular membrane modification leaves ample space to explain such differences, e.g., on the basis of the specific characteristics and expression levels of their transmembrane nsps. For EAV, in the absence of virus replication, expression of nsp2 and nsp3 induces the formation of DMV-like structures (42, 51) , which appear to lack the typical content observed in DMVs in cryofixed infected cells (data not shown). A similar "surrogate system" to study coronavirus-induced replication structures remains to be developed.
The exact site of nidovirus RNA synthesis in infected cells remains to be pinpointed. In future studies, it will be imperative to differentiate between, on one hand, the abundantly produced replicase proteins, their subcellular localization, and the various membrane structures they appear to induce and, on the other hand, the actual RNA-synthesizing enzyme complexes, whose number may be just as restricted as previously estimated for some other ϩRNA viruses. Thus, the overall nidovirus nsp localization in the infected cell is unlikely to reflect the position and abundance of active RTCs. Along the same lines, it may be tempting to propose that the abundant labeling of corona-and arterivirus DMV cores for dsRNA reflects the site of active viral RNA synthesis, but this assumption remains to be supported by approaches allowing the in situ analysis of viral RNA synthesis in a much shorter time frame than the many hours of infection during which dsRNA signal is allowed to accumulate in most studies. In this context, the technical possibilities of the ESI approach introduced in this study certainly merit further exploration (see below).
Quantitative ET analysis of EAV-induced DMVs during the first phase of infection clearly showed that the number of vesicles increased rapidly, in particular between 4 and 7 h p.i., but that the average DMV and core diameter remained more or less the same throughout infection (Fig. 3C) . Thus, DMVs are apparently primed to develop to a relatively uniform size, although at present, the mechanism of inner-vesicle formation remains as obscure as it is for coronaviruses (23) . Whereas the interiors of the membrane invaginations induced by noda-, alpha-, and flaviviruses were found to be connected to the cytosol (18, 25, 65) , which presumably is important for the import of building blocks and the export of viral RNA products, convincing evidence for such a connection to the cytosol was not obtained when SARS-CoV-induced DMVs were analyzed in detail by ET (23, 24) . This finding is difficult to reconcile with the accumulation of dsRNA, the presumed intermediate and marker of viral RNA synthesis, inside these structures and with in vitro studies with isolated RTCs, suggesting that viral RNA synthesis occurs within membrane structures (62) . Nevertheless, our ET analysis now produced very similar findings for EAV DMVs and could not unambiguously identify connections with the cytosol. If the interiors of the apparently closed DMVs indeed constitute the site of viral RNA synthesis, this raises the question of how RNA is exported to the cytosol for translation and packaging. An alternative model could involve RNA synthesis in a closed DMV compartment followed by disruption of the membrane to release RNA products, although neither cores devoid of membranes nor cytosolic dsRNA labeling was detected in our EM studies. Finally, since direct evidence for RNA synthesis inside arteri-or coronavirus-induced DMVs remains to be obtained, it is important to point out that the induction of these structures by "simple replicase overexpression" or in the context of cellular antiviral responses cannot be excluded at present.
ESI as a novel approach to dissecting ؉RNA viral replication structures. To our knowledge, our study is the first to use ESI for the analysis of ϩRNA virus replication structures. Making use of the high P content of RNA compared to proteins, and with lipids being extracted during the FS procedure, the technique was found to provide both ultrastructural and quantitative information about DMV cores. Although our analysis must have underestimated the amount of RNA for some of the cores, the spherical caps of which were lost during the sectioning of our specimens, the 11 DMV cores analyzed were found to have an average P content that is equivalent to about a dozen RNA molecules of the size of the EAV genome (12.7 kb) . Future experiments will be aimed at confirming the viral nature of these molecules, which formally remains to be proven. Clearly, ESI will not be able to distinguish positive-from negative-strand RNA, and also, the question of whether nidovirus genome replication and subgenomic RNA synthesis occur in the same complexes remains to be studied in more detail. Most importantly, however, we first need to distinguish between viral RNA synthesis occurring directly in the cores of nidovirus-induced DMVs on one hand and the accumulation of RNA produced elsewhere in the cell on the other hand. For this, metabolic RNA-labeling experiments, using short pulse-labeling with radiolabeled or chemically modified nucleosides (or nucleotide triphosphates), will be required. Also the biochemical characterization of the RVN and its components, either in situ or following their isolation from infected cells, should be expanded to obtain additional information on the composition and function of these virus-induced membrane structures. In addition to the possibilities for RNA quantification by ESI (12), we have now also gained the first structural information about the interior of DMV cores ( Fig. 6F to H ; see Video S2 in the supplemental material), although it is clearly too early to speculate about its internal organization in any detail. In the future, it will be worthwhile to explore the use of a combination of different elemental maps to analyze and compare the replication structures of different ϩRNA viruses in considerable detail.
Is there a structural connection between the arterivirusinduced RVN and nucleocapsid assembly? In addition to the ultrastructure of the EAV-induced RVN, our analysis also documented the previously observed N protein-containing structures in unprecedented detail. During the central stage of infection (7 to 10 h p.i.), this network of tubules rapidly expands and becomes intertwined with the components of the RVN (Fig. 3 and 5) . Our EM analysis strongly suggests the absence of lipid membranes in these structures and revealed (putative) protein sheets whose local curvature appears to give rise to the tubular structures ( Fig. 5C and D). Immunolabeling directly confirmed the presence of N protein in these tubules (Fig. 5B) . Interestingly, the electron density of the tubules in our tomograms was significantly higher than the density of structures known to be solely composed of proteins, like microtubules (data not shown). Previous studies by Wieringa and coworkers (66) indicated that tubule formation depends on both infection/replication and the synthesis of the EAV N protein, i.e., N protein expression itself does not induce tubule formation. The fact that the tubules were clearly visible in our ESI P maps could well reflect the presence of RNA. Formally, P signal could also be derived from the reported phosphorylation of the N protein (at an unknown number of residues [10, 67] ), but this explanation may be considered less likely, since a hyperphosphorylated protein domain like the C-terminal region of RNA polymerase II remained undetectable in a recent ESI study (12) . Arterivirus assembly has not been studied in much detail so far. Budding of preassembled nucleocapsid structures has been reported to occur at smooth intracellular membranes (8, 32, 63) . Particularly intriguing EM observations were made by Wada and coworkers (see Fig. 3G and H in reference 63), who documented tubules (average diameter, 42 nm) extending from the cytosol into virions that were in the process of budding. Recent cryo EM studies on the structure of the arterivirus procine reproductive and respiratory syndrome virus (PRRSV) describe the core of that virion as a double-layered hollow structure with an average diameter of 39 nm (53). This diameter is remarkably close to the average tubule diameter for EAV-induced tubules reported by Wada et al. (63) and our own measurements in this study. Clearly these N proteincontaining tubules need to be investigated in more detail, but assuming they constitute a complex of viral RNA and N protein, and given their proximity to the RVN, they may represent a key step in arterivirus nucleocapsid formation and thus an important structural intermediate in the pathway from genome synthesis to virion assembly. Also, studies with other ϩRNA viruses suggest the existence of mechanisms to organize different stages of the replicative cycle, from genome translation to virus assembly, in the intracellular space (3, 30, 65) . The in-depth analysis of such "viral factories" (9, 40) is a technically challenging research area, but recent pioneering ultrastructural studies illustrate how technical advances like ET, and now ESI, may provide new insights into the morphogenesis, structure, and function of these structures that are key to ϩRNA virus replication and evolution.
